Bleeding events have been observed among a subgroup of chronic lymphocytic leukaemia (CLL) patients treated with ibrutinib. We analysed data from two studies of single-agent ibrutinib to better characterize bleeding events and pattern of anticoagulation and antiplatelet use. Among 327 ibrutinib-treated patients, concomitant anticoagulation (11%) or antiplatelet use (34%) was common, but major bleeding was infrequent (2%). Bleeding events were primarily grade 1, and infrequently (1%) led to discontinuation. Among 175 patients receiving concomitant anticoagulant or antiplatelet agents, 5 had major bleeding events (3%). These events were typically observed in conjunction with other factors, such as coexisting medical conditions and/or concurrent medications.
Ibrutinib is a first-in-class, once-daily inhibitor of Bruton tyrosine kinase (BTK) with single-agent efficacy and a favourable benefit-risk profile in patients with CLL. BTK and TEC are expressed in platelets and act downstream in glycoprotein (GP)VI signalling involved in collagen-mediated platelet aggregation (Quek et al, 1998; Futatani et al, 2001; Atkinson et al, 2003; Liu et al, 2006) . The two kinases probably possess redundant functions in collagen-induced aggregation, however, BTK is thought to play a more dominant role than TEC (Atkinson et al, 2003) . While patients with inherited BTK deficiency (X-linked agammaglobulinaemia) do not demonstrate bleeding diathesis (Winkelstein et al, 2006) , bleeding events have been reported in a subgroup of ibrutinib-treated patients (Byrd et al, 2013 (Byrd et al, , 2015 Wang et al, 2015) . Patients with CLL are typically older and have medical comorbidities for which anticoagulation or antiplatelet agents are indicated. Given the increased bleeding risk associated with antiplatelet and/or anticoagulants, we assessed the pattern of use of these agents and characterized bleeding adverse events (AEs) observed in 2 multicentre studies of single-agent ibrutinib in patients with CLL.
Methods
We conducted a secondary analysis of data from the phase 2 PCYC-1102 (NCT01105247) study (Byrd et al, 2013) and interim analysis of the randomized phase 3 PCYC-1112 (RESONATE; NCT01578707) study of ibrutinib versus ofatumumab to characterize concomitant anticoagulant and/or antiplatelet use and frequency of bleeding complications. Bleeding AEs were recorded/graded according to CTCAE v4.0. Major bleeding was defined as any grade ≥3 bleeding event or haemorrhage of any grade resulting in intraocular bleeding causing loss of vision, need for ≥2 units of red blood cell transfusion, hospitalization, prolonged hospitalization or any intracranial haemorrhage.
PCYC-1102 enrolled treatment-na€ ıve CLL/small lymphocytic lymphoma (SLL) patients aged ≥65 years and previously treated patients to receive ibrutinib 420 or 840 mg/day (Byrd et al, 2013 (Byrd et al, , 2015 . PCYC-1112 enrolled patients with CLL/ SLL after ≥1 prior therapy; patients randomized to ibrutinib received 420 mg/day . Details on haematology-related eligibility criteria, protocol-specified restrictions on concomitant warfarin use and caution against other agents are provided (Data S1).
Results
Median age was 68 years in PCYC-1102 (N = 132) and 67 years in the PCYC-1112 ibrutinib arm (N = 195) . At the time of analysis, median follow-up was 21Á1 (range 0Á7-29Á0) and 9Á6 months (range 0Á3-16Á6), respectively. Median platelet count at baseline was 105 (range, 2-310) 9 10 9 /l in PCYC-1102 and 117 (range, 20-441) 9 10 9 /l in PCYC-1112; 45% and 38% of patients, respectively, had platelet count <100 9 10 9 /l and 12% and 11%, respectively, had platelet count <50 9 10 9 /l. In both studies, we observed an increase in platelet count over time Byrd et al, 2015) . Concomitant anticoagulation or antiplatelet therapy was common; 35 patients (11%) received anticoagulants, 110 (34%) received antiplatelet agents and 30 (9%) received both (Table I, Table SI ). The most frequent anticoagulant was low-molecular-weight heparin (LMWH, 15%), albeit often limited in duration (<3 months in 33 of 48 patients). Eleven of 48 and 1 of 8 patients received therapeutic (versus only prophylactic) dosing of LMWH or other heparin, respectively. The most common antiplatelet agents included aspirin (21%) and non-aspirin, non-steroidal anti-inflammatory drugs (NSAIDs; 28%).
The most common bleeding AEs were grade 1 petechiae and contusion in 13% and 20% (PCYC-1102) and in 13% and 11% (PCYC-1112), respectively ( Fig 1A) . These mild (grade 1) bleeding AEs did not lead to major complications. Prior history of any grade bleeding was the only factor predictive of mild bleeding in a multivariate analysis for risk factors that included anticoagulant/antiplatelet use, age, platelet count, bleeding history, fall risk, cytochrome P inhibitor use, and baseline hepatic and/or renal impairment. Major bleeding occurred in 5% on PCYC-1102 [exposureadjusted incidence rate per 100 patient-years (EAIR) 3Á6], and in PCYC-1112 occurred in 1% on ibrutinib (EAIR 1Á4) versus 2% on ofatumumab (EAIR 4Á4), with longer exposure on ibrutinib in the randomized study. No grade 4 or 5 bleeding AEs were reported. The sites of major bleeding AEs in ibrutinib-treated patients included gastrointestinal (n = 4), central nervous system (n = 3), and postoperative excision site of a skin lesion (n = 1). Thus, major bleeding events were uncommon with ibrutinib (8 of 327, 2%) across the 2 studies (Table I) , and were typically observed in patients with various other factors (detailed in Table SII ). These events were not associated with grade 4 thrombocytopenia, except in 1 patient with baseline platelet count of 2 9 10 9 /l. Among the 175 patients who received any anticoagulant and/or antiplatelet therapy, 5 (3%) had major bleeding AEs; among the 152 patients who did not receive concomitant therapy, 3 (2%) had major bleeding AEs. All of these major bleeding AEs resolved. For the 5 of 8 patients with major bleeding who received concomitant anticoagulant and/or antiplatelet agents, 1 had received anticoagulation alone (LMWH), 2 had received antiplatelet therapy alone (1 aspirin, 1 NSAID), and 2 had received anticoagulation and antiplatelet therapy (1 warfarin and aspirin, 1 LMWH, other heparin and NSAID). Approximately 1 year following PCYC-1112 interim analysis, major bleeding occurred in 2 additional patients on ibrutinib, including grade 3 spontaneous haematoma (psoas) and post-traumatic grade 4 subdural haematoma. In both cases, bleeding events resolved and ibrutinib was reinitiated.
Given the limited number of major haemorrhages, we evaluated all bleeding AEs grade >1 to understand the timing of clinically relevant bleeding events, grade >1 bleeding AEs occurred in 9% in PCYC-1102, and 4% in the PCYC-1112 ibrutinib arm (Table I) . Among these 25 grade >1 bleeding AEs, 13 events occurred in 12 patients (7%) treated with concomitant anticoagulation or antiplatelet agents (2 of 12 received both anticoagulant and antiplatelet agents) and 12 occurred in 8 patients (5%) who were not receiving these medications. In the PCYC-1112 ofatumumab arm, grade >1 bleeding occurred in 5 patients (3%). The majority of these events on ibrutinib resolved, with a median event duration of 18 and 11 days on PCYC-1102 and PCYC-1112, respectively. Most of these bleeding AEs occurred early, during the first 3-6 months of therapy (Fig 1B, C) . Bleeding AEs led to discontinuation of ibrutinib in 4 patients (1%) from the 2 studies. 
Discussion
The spectrum of bleeding events commonly occurring during single-agent ibrutinib therapy (largely petechiae, bruising) suggests a primary haemostatic defect, ie, inhibition of platelet-mediated haemostasis. In patients with CLL, the disease itself has been associated with impairment in both ADPmediated and collagen-mediated platelet aggregation (Lipsky et al, 2015) . The role of BTK and other Tec family kinases in GPVI signalling has been known for over a decade (Quek et al, 1998; Futatani et al, 2001; Liu et al, 2006) . Pharmacological inhibition of BTK by ibrutinib has been shown in vitro to similarly affect downstream signalling of GPVI and platelet adhesion on von Willebrand factor under arterial flow (Levade et al, 2014) . Similarly, in vitro collagenmediated platelet aggregation of blood from ibrutinib-treated patients was reduced, an effect that correlated with occurrence of bleeding AEs and was reversible upon drug cessation (Levade et al, 2014; Kamel et al, 2015) . Given the short halflife (4-6 h) of ibrutinib and lack of new BTK synthesis in platelets, platelet transfusion given after clearance of ibrutinib from the blood may correct haemostasis in cases of serious bleeding (Levade et al, 2014; Kamel et al, 2015) .
Among ibrutinib-treated patients who received any anticoagulant or antiplatelet agent, major bleeding was reported in 9% and 4% in PCYC-1102 (median follow-up 22 months) and 2% and 1% in PCYC-1112 (median follow-up 10 months), respectively. For comparison, 18% of CLL patients in the Surveillance, Epidemiology, and End Results (SEER) -Medicare cancer registry had at least one major haemorrhage, corresponding to an EAIR of 6 (Gifkins et al, 2015) . Moreover, the incidence of major haemorrhage was reported to be more than 8 times higher among patients with CLL than that of the age-and gendermatched general population (Gifkins et al, 2015) . In our analysis, there were no major bleeding AEs in patients receiving newer direct oral anticoagulants, however, the number of patients treated with these agents (n = 4) was too small to sufficiently assess bleeding risk with these agents. Further studies, one ongoing , are needed to determine the safety of concomitant anticoagulant use with ibrutinib.
Precautions on concomitant use of anticoagulants and antiplatelet agents, along with adherence to perioperative ibrutinib-withholding guidelines, as applied in the PCYC-1112 study and reflected in the ibrutinib label, resulted in a †Time from first dose of study treatment to onset of first grade >1 bleeding event.
‡Anticoagulant (with or without antiplatelet agents) or antiplatelet agent (with or without anticoagulation) given at any time for any duration during the study. §Both an anticoagulant and antiplatelet agent given at any time for any duration during the study.
small number of major bleeding complications. Exclusion criteria applied in this study may limit the global application of results to the general CLL population. Patients with haematological malignancies, including CLL, are probably at increased risk for major bleeding because of the disease itself, comorbid conditions, concomitant medications or clinically significant thrombocytopenia. Thus, care should be exercised when initiating ibrutinib therapy in patients on anticoagulants who are at increased risk at baseline for experiencing major haemorrhagic events. The data presented here do not alter the risk-benefit balance supporting ibrutinib treatment for CLL, but suggest that both patients and their treating physicians should be appropriately informed regarding the potential risk for bleeding. 
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